Polymers confined at the nanometer scale often exhibit a distinct structural and dynamical response compared to their bulk counterparts. In this study, we observe that the confinement of poly(ethylene oxide) (PEO) in the nanopores of carbon nanoparticles (CNPs) leads to the suppression of crystallization and to a significant reduction of the ∆Cp at the glass transition. We ask whether these changes are dominated by interfacial interactions (van-der-Waals type) or by geometrical constraints. For pore diameters below 2 nm (micropores following IUPAC nomenclature), we find that the larger the pore surface, the higher the amount of PEO intercalated in the micropores, and consequently, the larger the reduction of the ∆Cp at the glass transition (up to 50 %). For pore diameters in the range 2-50 nm (mesopores), larger pore surfaces lead to a higher amount of PEO adsorbed on the mesopore walls, and the smaller the reduction of the ∆Cp at the glass transition. Under these conditions of spatial confinement at the nanoscale, PEO chains cannot arrange themselves into large crystalline domains, as evidenced by a negligible degree of crystallization of at most 1.8 %. High-resolution inelastic neutron scattering data show that the PEO chains confined in the pores of CNP adopt a planar zig-zag conformation, which is distinctly different from those characteristic of the 7/2 helical structure of the bulk crystal.
INTRODUCTION
Understanding and predicting the structure and dynamics of polymers confined at nanometer length scales remain major challenges in polymer science. 1 A crucial aspect of experimental studies is that polymer-substrate interactions are always present, making it difficult to provide a consistent interpretation of the results. On the one hand, when the confining length scale (interlayer space in layered materials, [2] [3] [4] pore diameter in porous substrates, 5 or layer thickness in thin films 6 ) is comparable to or smaller than the radius of gyration (Rg) of the free polymer, the influence of polymer-surface interactions on the structure and dynamics of the trapped chains cannot be neglected. On the other hand, when the confining length scale is larger than the Rg of the free polymer, different scenarios of confinement may be at play at the same time: a) confinement due to surface adsorption whereby a thin adsorbed polymer layer is formed; and b) geometrical confinement of the inner polymer chains. In the latter, surface interactions tend to be screened by the surface-adsorbed polymer layer. Numerous studies have observed systematic changes in the dynamics of confined polymers via modification of the nature of polymer/substrate interactions. Some examples include the study of the segmental and normal modes of polymers confined in hydrophilic and hydrophobic porous glasses, 5 the formation of self-assembled polymers with frustrated phases when confined in reduced geometries with variable surface affinity, 7 and studies of the glass-transition temperature of thin films supported on different substrates. [8] [9] [10] In terms of practical applications, carbon-based nanostructured materials have been extensively investigated due to their light weight, low cost, and high surface area for the design of conducting-polymer nanocomposites, 11, 12 as well as three-dimensional macroporous materials [13] [14] [15] based on carbon nanotubes, carbon nanofibers, and graphene with applications as electrodes in fuel cells, Li-ion batteries, and supercapacitors. In these applications, the physico-chemical properties of the adsorbed polymer layer are of paramount importance. If, for example, the glass transition and crystallization behavior of the polymer layer change due to confinement, our understanding of these effects becomes central for a detailed assessment of their potential use in practical applications.
In the above context, we have recently shown that the crystallization and underlying segmental mobility of poly(ethylene oxide) (PEO) are largely affected by confinement in the nanometerscale pores of organic resins and carbon nanoparticles. 16 The high surface affinity of the polymer to the resin, induced by hydrogen-bond interactions, led to a strong (almost complete) suppression of the calorimetric glass-transition temperature (Tg) of the confined PEO phase.
This effect was less pronounced in PEO confined in the pores of carbon nanoparticles, although
we estimated a loss of 30 % of cooperative dynamics at Tg. In this case, PEO-substrate interactions are mostly of the van-der-Waals type, typically weaker than hydrogen bonds.
Another parameter that remains largely unexplored relates to the influence of the pore structure of the carbon nanoparticles on the physico-chemical properties of PEO retained in the pores.
In this work, we study the effects of pore size of carbon nanoparticles (CNPs) on the glass transition and crystallization of confined PEO. In this situation, polymer/substrate interactions are predominantly of the van-der-Waals type. The pore structure of pristine and polymer-filled
CNPs have been characterized in detail by nitrogen physisorption, providing access to both qualitative and quantitative information on the porosity of the substrates before and after PEO treatment. Polymer uptake, as well as the structure and thermodynamics of PEO confined in CNP pores are discussed on the basis of the distinct topology of the substrate, including its volume, pore surface, and diameter. To this end, we have characterized the polymer phase by temperature-modulated differential scanning calorimetry (TM-DSC) and high-resolution inelastic neutron scattering (INS).
EXPERIMENTAL SECTION

Materials
The following compounds were used in the present work: resorcinol [(C 6 H 4 (OH) 2 ), Sigma 
Methods
Organic resins were synthesized by polycondensation of resorcinol (R) and formaldehyde (F) in aqueous solution following the approach of Pekala et al. 17 To obtain nanoparticles with different pore structure, the reactions were performed at different pH by adding appropriate amounts of sodium hydroxide and keeping the R-to-F molar ratio (R/F) at 0.5. In this process, sodium hydroxide (hereafter referred to as C) also acts as catalyst. The resulting solutions were then placed in an oven at 85 ºC for three days. The colour of the solutions changed progressively from clear to orange, then to red, and finally to dark brown over the course of the reaction. After the curing process, the gels were dried at 85 ºC at ambient pressure over the course of two additional days, leading to the formation of dry organic resins. Finally, CNPs were obtained by pyrolysis of the organic resins at 900 ºC for 4 hours in a nitrogen atmosphere using a heating rate of 3 ºC/min and a cooling rate of 5 ºC/min. Table 1 summarizes the organic resins synthesized by varying Rto-C ratios (R/C) and pH. a) R/C: resorcinol-to-catalyst (NaOH) ratio PEO-filled CNP samples (PEO/CNPs) were prepared from aqueous solutions consisting of 1 g PEO and 1 g CNPs co-dissolved in 40 mL water. The mixture was stirred for 15 days to enable the filling of the CNP galleries via the diffusion of the polymer chains into the cavities. Excess PEO was removed by centrifugation and repeated aqueous washings. The resulting PEO/CNP samples were dried at 80 ºC in vacuo for 24 h and stored at room temperature under vacuum.
Characterization
The chemical composition of the CNPs was obtained from elemental analysis. The morphology and pore structure of pristine and PEO-filled CNPs were analysed by field-emission scanning electron microscopy (FESEM) and nitrogen adsorption-desorption isotherms, 18 respectively.
FESEM images were collected with a JEOL JSM-6700F instrument operating at 5-10 kV and 12
µA. The powder samples were supported on adhesive carbon tape and coated with a thin gold film. Nitrogen isotherms were obtained at 77 K using a Micromeritics ASAP 2020. CNPs were outgassed at 180 ºC for 1 hour, and PEO-containing samples were outgassed at 110 ºC for 6
hours. The specific surface area (S BET ) was determined form the linear part of the BET plot (P/P 0 = 0.05-0.2). 19 External surface areas (S ext ) and micropore volumes (V mic ) were determined from the t-plots obtained via recourse to the Harkins-Jura equation. 20 Average pore diameters (<d> BJH ), and mesopore volumes (V BJH ) were calculated with the Barrett-Joyner-Halenda (BJH) adsorption-desorption method 21 assuming cylindrical pores in the Kelvin equation. 22 Pore size distributions (PSDs) were obtained by applying the density-functional-theory (DFT) method to the nitrogen adsorption isotherms.
18
PEO mass uptake in CNPs was determined by thermogravimetry (TGA) using a Q500 Thermogravimetric Analyzer from TA Instruments. Samples were heated from room temperature to 800 ºC at a rate of 10 ºC/min under a constant N 2 flow of 60 mL/min. The amount of PEO in PEO/CNPs was calculated from sample-residue analysis at 650 ºC. These data show that intercalated PEO in CNP pores decomposes at 358 ºC (See Figure S1 in 
RESULTS AND DISCUSSION
Pore-structure characterization of CNPs
CNPs with variable surface area, pore volume, and pore diameter were synthesized via a thorough control of reaction time, concentration, and temperature program as described in the experimental section above. CNPs are predominantly composed of spherical nanoparticles of ca.
15-80 nm diameter, which themselves are agglomerates of smaller particles. Interstitials between nanoparticles constitute mesopores (2<d<50 nm, where d is the pore diameter). Voids between the smaller particles form micropores (d<2 nm). 18 Additionally, high micropore areas are formed in CNPs during the pyrolysis of resin-nanoparticle precursors at 900 ºC, a process whereby volatile compounds are released generating nanochannels throughout the carbon material. 16 Nitrogen isotherms for all CNP samples conform to Type IV with a Type-H1 hysteresis loop. 25 This loop is typically associated with capillary condensation in the mesopores. 25 Compositional data of the CNP materials indicate that nanoparticles are mainly composed of carbon (93 wt%), with only 6 wt% of oxygen and 1 wt% of hydrogen.
Scheme 1 illustrates the CNPs reported in Table 1 The images show a globular morphology with a ∼80 nm diameter in both samples indicating that the primary component in PEO/CNP is the CNP. In PEO/CNPs, we find no clear evidence for the presence of bulk PEO in the sample. These observations indicate that the absorbed PEO phase has been predominantly intercalated within the CNP pores. The DSC and INS data presented below corroborate this picture, and provide further and firm evidence for the existence of a distinct PEO phase in PEO/CNP markedly different from the bulk polymer. PEO mass uptakes in the different CNP specimens are reported in Figure 3 . The data show an increase in polymer absorption from a meagre 3% up to a saturation value of 20%. We note that the BET surface area (S BET ) of pristine CNP is the only pore-structure parameter showing a similar trend as polymer uptake across the CNP series studied in the present work (see Figure 1 ).
However, a reduction of PEO mass uptake by 85% upon a 50% reduction of CNP S BET (from sample C to A) indicates that other factors aside from surface area can also affect polymer uptake. One of these factors can be the poor mesopore interconnectivity described above for samples A and B. These samples display small average mesopore diameters (<d> BJH < 4 nm for A and <d> BJH = 4 for B), which are easily obstructed upon polymer absorption. Since the saturation value of PEO mass uptake in our samples is observed for CNPs with <d> BJH > 7.5 nm, it is likely that pores with <d> BJH ≤7 nm form bottlenecks preventing further access of PEO to the pores. Figure 3 . We can also estimate the area occupied by the PEO chains confined in CNPs by considering the density of bulk PEO (1.14 g cm 3 ) and a thickness of a PEO monolayer of 3.4 Å. 4 Using these values, we obtain that 20 wt% of PEO in PEO/CNP samples corresponds to an area of 600-640 m 2 /g, a figure which translates into a coverage of ∼100 % of the BET surface area.
CNP (I)
Since the CNPs display a similar S BET as a result of an increasing S mic and a decreasing S ext in going from sample C to I, it is likely that the fraction of polymer confined within the micropores increases with increasing S mic and, subsequently, the fraction of polymer confined within the mesopores decreases with decreasing S ext in such a way that the resulting amount of polymer confined in the sample remains constant. Therefore, the relative amount of PEO in both micropores and mesopores varies along the different samples. The higher S mic , the higher the fraction of polymer confined in the micropores. Likewise, the higher the S ext , the higher the fraction of polymer confined in the mesopores.
To quantify the relative decrease of CNP pore surface and pore volume (D S and D V , respectively) upon PEO uptake, nitrogen adsorption-desorption isotherms of PEO-filled CNPs were compared to those of their CNP precursors. The relative decrease of S BET , S ext , and S mic was calculated by recourse to Eq. 1 below, where S(CNP) and S(PEO/CNP) are the surface areas of pristine and PEO-filled samples, respectively. Similarly, the relative decrease of V mes was obtained from volumetric parameters. With these considerations in mind, the % surface decrease reads
Using this expression, the calculated relative decrease of S mic (D Smic ) shows that 100 % of S mic disappears upon PEO absorption in all samples. This finding suggests that the access of nitrogen to the micropores is blocked by the PEO chains as a result of a combination of micropore occupancy and micropore blockage by the polymer. The fraction of PEO within the micropores is likely to be higher for CNPs with a higher S mic, as explained above.
To examine in more detail the occupancy of mesopores by PEO, the relative decrease of S ext (D Sext ) and mesopore volume (D Vmes ) were also calculated. The data are shown in Figure 5a as a function of the ratio of the radius of gyration of PEO to average mesopore radius (Rg/r mes, r mes = <d BJH > / 2). The value of Rg for PEO with Mn = 94 kg/mol was estimated to be 11 nm. 26 PEO uptake by pores with d < 2Rg is entropically penalized. 27 In this situation, the chain has to unfold and slowly penetrate into the pores while effectively blocking access to the pores for other polymer molecules. The lower the pore diameter, the higher the entropy (S) loss as this quantity scales with pore size as S ∼ -N(a/d) 5/3 , where N is the degree of polymerization and a is the monomer size. 
Temperature-Modulated Differential Scanning Calorimetry
TM-DSC was used to identify thermal events arising from the confined PEO phase. A cooling ramp was used to obtain the reversing-heat-capacity (Rev Cp) and non-reversing-heat-flow (Non-Rev HF) data. These data can be used to obtain the heat capacity of the sample from the reversing signal. Also, crystallization occurring during cooling can be evaluated from the nonreversing heat flow signal. Representative TM-DSC data of PEO/CNP samples are shown in Figure 6 . To aid comparison, total-heat-flow (Total HF) data for bulk PEO are also shown in the same figure. The step in heat capacity at the glass transition (∆Cp), that is, the glass-transition temperature obtained when ∆Cp is one half of the total ∆Cp (Tg ∆Cp/2 ), as well as the temperature width of the glass transition (∆Tg), and a lower-bound temperature for the glass-transition range (Tg L ) were evaluated from the Rev Cp signal as shown in Figure S3 of the Supplementary Information. These values are reported in Table 2 . Table 2 . Calorimetric parameters obtained from the TM-DSC data as detailed in the text. adsorbed on a surface. 30, 31 The evaluation of the heat capacity change at the glass transition in samples A and B leads to large uncertainties due to a low PEO uptake by these samples.
Therefore, these two cases will not be considered in our analysis below.
To estimate the percentage of PEO segments involved in the glass transition [hereafter ∆Cp Tg In terms of microporosity, substrate C contains half the number of micropores compared to sample I. Consequently, a high fraction of PEO retained in sample I is concentrated in the micropores. On the contrary, most of the PEO retained in sample C, is located in the mesopores.
Even, when the mesopore diameter is as low as 7 nm, this pore diameter is large enough to provide a measurable contribution to the heat capacity by the retained PEO phase. However, the much smaller size of the micropores (<2 nm) would dramatically modify the PEO conformation avoiding its contribution to the Cp jump at Tg. The non-reversing-heat-flow data in Figure 6 show the presence of small crystallization peaks for PEO confined in CNP. The temperature at which this process occurs is well below the crystallization temperature (Tc) of bulk PEO (cf. Table 2 diameter of 400 nm. 33 In the first case, strong PEO-substrate interactions at subnanometer confinement scales were surmised to be the cause of a reduction in Tm. In the second case, a transition from a heterogeneous nucleation process in bulk PEO to a surface nucleation process in confined PEO was linked to an observed reduction in polymer crystallization temperature by about 50 ºC. In our confined PEO system, both CNP pore heterogeneity and polymer-surface interactions prevent PEO chains from adopting a regular crystalline structure.
High-resolution inelastic neutron scattering
On the basis of previous studies using high-resolution INS to probe confined PEO intercalated in graphite oxide, the conformation of this polymer upon two-dimensional confinement changes from being a 7/2 helix in the bulk crystal to a planar zig-zag. 3, 4 These changes are readily discernible in high-resolution INS data, and lead to a distinct shift of the CH 2 rocking mode from 846 cm -1 (bulk) to 814 cm -1 (confined). The band at 846 cm -1 has been assigned to trans-gauchetrans (tgt) conformations of CCOC, OCCO and COCC groups in crystalline PEO, 34 whereas that at 814 cm -1 corresponds to trans-trans-trans (ttt) conformations in PEO confined in the interlayer space of graphite oxide. 3, 4 The band at 948 cm -1 in bulk PEO is assigned to a combination of symmetric r(CH 2 ) and asymmetric COC stretch modes for tgt conformations. In confined PEO, this feature undergoes a red shift and it is also suppressed considerably, evincing a significant reduction in the population of these conformers upon confinement.
In the case of PEO confined in CNP micro and mesopores, a previous study where PEO was confined in a CNP specimen with <d> BJH = 8 nm showed spectral similarities with that of PEO confined in the sub-nanometer interlayer space of graphite oxide. 16 
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